Recent computational studies of two-phase flow suggest that the role of fluid-fluid interfaces should be explicitly included in the capillarity equation as well as equations of motion of phases.
2 under steady-state and transient conditions. The difference between the surfaces depends on the capillary number. Furthermore, we use our experimental results to obtain average (macro scale) velocity of fluid-fluid interfaces and the rate of change of specific interfacial area as a function of time and space. Both terms depend on saturation nonlinearly but show a linear dependence on the rate of change of saturation. We also determine macro-scale material coefficients that appear in the equation of motion of fluid-fluid interfaces. This is the first time that these parameters are determined experimentally.
Introduction

Specific interfacial area and two-phase flow
A cornerstone of theories of two-phase flow in porous media is the capillary pressure-saturation, P c -S, relationship. It actually relates the difference in macro-scale pressures of two immiscible fluids to the saturation of one of the fluids. Almost always, it is measured under static conditions, and then it is used to model transient conditions. It is well known that this relationship is hysteretic, and does not explicitly include any information on the dynamics of the interfaces formed between the two phases. One may get many capillary pressure -saturation curves, for the same porous medium and the same set of phases, but for different initial conditions and/or different displacement processes. Following an approach based on volume averaging and rational thermodynamics, Gray (1990, 1993b ) developed a macro-scale theory of twophase flow. Using the volume averaging approach, they derived macro-scale balance laws for masses, momenta, energies, and entropies of fluid-fluid and fluid-solid interfaces (Gray and Hassanizadeh, 1989) . Their derivation made it clear that in multiphase flow, one must take account of the thermodynamics of interfaces among phases in order to be able to describe (1) account for the exchange of mass between αβ interfaces and the α-phase, β-phase, and αβγ-contact lines. It must be stressed that all terms in Equation 1 are macroscopic (i.e. REVaveraged) quantities. Similar balance laws were derived for momentum, energy, and entropy of interfaces by Marle (1982) and Gray and Miller (2006) .
The explicit introduction of interfacial properties into the theories of multiphase flow was a major departure from traditional theories of two-phase flow in porous media. Specific interfacial area was considered to be a state variable needed for the description of fluid flow dynamics.
Balance laws were complemented by constitutive equations and, by employing the rational thermodynamics approach, Hassanizadeh and Gray (1990) In addition to governing equations for specific interfacial area, the rational thermodynamics approach also led to new hypothesis for the capillary pressure. Results of the constitutive theory suggested that the capillary pressure is not only a function of saturation, but should also depend on specific interfacial area (Hassanizadeh and Gray, 1993a Henceforth, we refer to P c -S w -a wn surface as the "interfacial area surface". Also, unless otherwise stated, with the term "saturation" we refer to the wetting phase saturation.
A growing number of numerical and experimental works have shown that under quasi-static conditions, drainage and imbibition interfacial area surfaces (formed by data points from drainage and imbibition experiments, respectively) coincide with each other, within the margin of experimental error. The earliest studies were done by Reeves and Celia (1996) , and Held and Celia (2001) , who performed quasi-static pore-network modeling and showed the uniqueness of interfacial area surface. A similar result was obtained by Porter et al. (2009) using a LatticeBoltzmann model. The first experimental evidence for the uniqueness of interfacial area surface was provided by Cheng et al. (2004) and later by Chen et al. (2007) and Pyrak-Nolte et al. (2008) . They performed two-phase flow experiments in a micro-model. A combination of porenetwork modeling and micro-model experimental studies was performed by Joekar-Niasar et al.
(2009) and more recently by Karadimitriou et al. (2013) . All these studies have one thing in common; they considered quasi-static conditions only. Under quasi-static conditions, the fluidfluid interfaces do not move in the porous medium.
The question one may ask is whether an interfacial area surface can be obtained under different transient flow conditions, and if yes, whether it would coincide with quasi-static interfacial area 6 surface. These questions were recently addressed by Bottero (2009) (Bottero, 2009, Chap. 8) . One shortcoming of her study was that the micromodel network size was too small; thus, boundaries may have affected the results. Joekar-Niasar and Hassanizadeh (2012) investigated the above-mentioned questions in a numerical study, using a dynamic pore-network model. They determined the average capillary pressure, saturation, and specific interfacial area for a pore network during transient flow as well as quasi-static conditions. The capillary pressure was calculated as the average of local-scale capillary pressure (within the pores) weighted by the local interfacial area.
They also compared the interfacial area surfaces obtained under quasi-static and transient conditions, and obtained results similar to Bottero (2009) . Although there was some difference between quasi-static and transient interfacial area surfaces, they considered the differences to be negligible.
While there has been much work on the study of interfacial area surface (equation 5), there has been very little research related to the terms appearing in equations (3) and (4). The macro-scale velocity of fluid-fluid interfaces and its evolution with time (and/or saturation) have been studied only computationally, by means of dynamic pore-network models (Lam and Horvath, 2000; 7 Nordhaug et al., 2003; Joekar-Niasar et al., 2011 
Micro-models and two phase flow
An overview of various issues related to micro-models and their use in two-phase flow studies, such as network generation, fabrication materials and methods, visualization methods, and different applications, was given in Karadimitriou and Hassanizadeh (2012b) . They defined a micro-model as "an artificial representation of a porous medium, made of a transparent material.
This fluidic device bears a pore network, with features on the micro-scale, and an overall size of up to a few centimeters."
Micro-models have been mostly used in studying displacements of two immiscible fluid phases in porous media (Avraam et al., 1994; Baouab et al., 2007; Chang et al., 2009; Corapcioglu et al., 2009; NagaSiva et al., 2011; Blois et al., 2013; Zhang et al., 2013a Zhang et al., ,2013b . Processes of drainage and imbibition, as well as the mechanisms that dominate them, like viscous or capillary fingering and snap-off, have been studied using micro-models (Zhang et al. 2011; Ferer et al., 2004; Grate et al., 2010; Gutiérrez et al., 2008; Hug et al., 2003; Rangel-German and Kovscek, 2006; Huh et al., 2007) . Recently, two-phase flow studies were performed using photo-resist micro-models that had flow patterns based on stratified percolation (Cheng, 2002; Pyrak-Nolte et al., 2008; Cheng et al., 2004; Chen et al., 2007; Liu et al., 2011) . In those studies, distributions of the two 8 phases in the pore network during quasi-static drainage and imbibition were visualized. Phase saturation and interfacial area could be determined using image processing and the relationship between phase saturation, capillary pressure, and specific interfacial area under quasi-static conditions was investigated.
Present study
The main objectives of this study were to visualize and investigate pore-scale movement of Currently, there is no easy way of measuring local pressure or capillary pressure within the pores. But, we can determine the local capillary pressure at an interface from its curvature using 9
Young-Laplace equation. This requires knowing the two principal curvature radii of the interface. But, our visualization method provides planar images only. So, only the planar curvature can be determined from image processing because there is no optical way of visualizing the micro-model in depth. Commonly, researchers have assumed the in-depth radius of curvature to be equal to half the depth of the micro-model (Cheng et al., 2004; Chen et al., 2007; Pyrak-Nolte et al., 2008) . This means that the contribution to the local capillary pressure was assumed to be the same for all interfaces (as the micro-model depth is constant everywhere).
But, this is an approximation that can introduce many inaccuracies, especially for wider pores where the depth would be the dominant dimension. In this work, we determine the hidden curvature differently, with the only assumption being that the contact angle is the same in both directions, as explained shortly. We have done this by using images of the fluids distribution at any given time. After determining local-scale capillary pressures for all interfaces at a given time, we followed the approach of Joekar-Niasar and and obtained the macro-scale capillary pressure as the area-weighted average of local-scale capillary pressures. At the same time, using pore-scale images, we determine (average) specific interfacial area and saturation over the same REV. These results are used to obtain interfacial area surfaces (P c -S wa wn surfaces) under different transient conditions. These are then compared to each other and to the quasi-static P c -S w -a wn surfaces, which had been obtained for the same micro-model.
Because the movement of interfaces in time and space was monitored, we could also determine the macro-scale velocity of fluid-fluid interfaces. By doing the averaging over moving REV domains along the whole micro-model, we could determine the macro-scale interfacial velocity as a function of time and space. These results were used to determine material coefficients wn k and wn  as a function of saturation. Furthermore, the rate of production of interfaces within an 10 REV was calculated under transient conditions. These results show the dependence of macroscale interfacial velocity and production rate of interfaces on saturation and its rate of change. This is the first time that such macro-scale two-phase flow properties have been determined experimentally.
Experimental setup
The experimental setup consisted of the micro-model, a visualization system to track the movement of the interfaces over the whole network at any given time, and a pressure measurement system that measures the external pressures at the boundaries. A brief description of various parts is given below. For more details, please refer to Karadimitriou et al. (2012) .
Micro-model
The micro-model used in this work was the same micro-model used in the work of Karadimitriou et al. (2012) . It was an elongated PDMS micro-model, with overall dimensions of the pore network being 5 x 30 mm 2 . The pore network topology was generated using Delaunay triangulation, as it is considered to be a good approximation to a natural porous medium (Heiba et al., 1992) . Pore bodies were cylinders and the pore throats were parallelepipeds. In planar view, pore bodies were seen as circular and pore throats as rectangular. All pore elements had a rectangular cross section. The pore network had a total of 3000 pore bodies and nearly 9000 pore throats. The pore network depth was constant everywhere and it was measured to be 40 microns. We have determined the size of an REV to be around 5 x 7 mm 2 (Karadimitriou et al., 2013) . So, our pore network was considered to be nearly four times the size of an REV. The micro-model was silanized before its use so as to make it uniformly and stably hydrophobic.
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Visualization system
The whole experimental setup is shown in Figure 1 . It consists of the visualization system and pressure measurement components. The visualization system is actually an open-air microscope.
Major components of the optical setup were (number refers to parts shown in Fig. 1) : (1) and an outflow reservoir designated with (C), respectively. The beam splitters created four identical images of the pore network and its fluids. The images were captured by four cameras, each focusing on one fourth of the pore network. Thus, the whole network and fluids distribution could be monitored continuously. 
Limitations of the micro-model
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In a granular porous medium, there is a three-dimensional network of corners, through which the wetting phase remains connected and can flow out to the wetting phase reservoir. This can lead to a low irreducible wetting phase saturation. This is not the case with the quasi-two-dimensional micro-models, such as the one used in our experiments. The solid phase that is separating pores forms islands (see solid triangles in Figure 2 that the deformation of PDMS in our experiments can be neglected for the range of pressures that we applied.
Transient experiments 14
Experimental procedure
The micro-model was initially saturated with the wetting phase, namely Fluorinert (FC-43), at atmospheric pressure. Because we worked with gauge pressure, this was considered to be zero pressure. The pressure of the non-wetting phase (i.e. water) reservoir was increased to a specific value, large enough in order to cause the primary drainage of Fluorinert. The non-wetting phase started to enter the pore network, displacing the wetting phase. The spatial configuration of the fluids in the micro-model was continuously monitored. The drainage step was ended when the non-wetting phase broke through the wetting phase reservoir, and no change in the saturation was observable. Then, the pressure of the non-wetting phase reservoir was reduced to zero, causing main imbibition to occur. After primary drainage and main imbibition, a number of scanning experiments were performed. We performed two sets of experiments with two imposed non-wetting phase reservoir pressures: 6300 Pa and 9500 Pa. During a transient displacement experiment with constant reservoir pressures, the flow velocity and thus capillary number, changed continuously. These pressures resulted in the following maximum capillary number values: 2x10 -5 and 6x10 -5 , respectively. We have to point out that the initial intention was to go to even higher capillary numbers. But, this required higher pressures which would deform the micro-model. Also, the displacement process would become too fast for the visualization setup to capture sufficient number of images for the processing results to be trustworthy. All experiments were conducted in a constant-temperature room at 21 0 C.
Data processing
3.2.1 P c -S w -a wn surface
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The acquired images were analyzed with IDL software package (IT&T Visual Information Solutions) to calculate local capillary pressure, saturation, and the specific interfacial area between Fluorinert and dyed water. In planar view, the two fluid phases were easily identified (see Fig. 2 ). Thus, with image analysis, the average fluid saturation for an REV could be determined.
Interfaces were identified as two-dimensional arcs. For each fluid-fluid interface, the position of the apex and the two points where it touched the walls of the pore network were identified. Then, a circle was fitted to these three points. The radius of the fitted circle was considered to give the radius of planar curvature of the interface. The width of the flow channel was calculated as the chord of the fitted circle. The length of an interface was calculated in two ways; either as the length of the arc within the pore, or as the length of a sequence of line segments, formed by pixels, identified directly in the image. These two lengths were compared so as to have an extra way of testing the accuracy of fitting. In figure 2 , an example of identified interfaces are shown.
Also, the contact angle between the meniscus and the wall was determined from the images.
Under static conditions, all menisci that were in direct contact with the wetting phase reservoir had almost the same contact angle; nearly 4 degrees. But, under transient conditions, the contact angles varied in time and space and depended on whether drainage or imbibition was occurring.
Under drainage, the values of contact angle varied from 4 0 to 40 0 , while for imbibition, they varied from 65 0 to 100 0 . In order to test the efficiency of our phase segmentation routine, we performed independent static experiments in a single capillary. We measured fluid pressures with transducers and calculated capillary pressure. We also calculated the value of capillary pressure based on image processing. The average difference between values of capillary pressure obtained with the two methods was less than 3%.
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As explained above, the planar curvature radius, denoted by r 1 , was determined from images for each and every interface. This was then used to calculate the contact angle from the following relation:
where w is the pore width. We assumed that the contact angle θ was the same in both directions.
Therefore, the in-depth radius of curvature was obtained from the following equation:
where d is the pore depth. Substitution of these radii of curvature in the Young-Laplace equation resulted in the following expression for local capillary pressure:
The area of a single interface was calculated from the following equation, whose derivation is given in the Appendix:
Then, the average fluid-fluid specific interfacial area for an REV was calculated as follows:
where W=5mm, L=7mm are the overall width of the pore network and length of an REV, respectively; N is the total number of interfaces within the REV at a given time.
Then, the average capillary pressure of the collection of all interfaces within an REV was calculated as follows:
Average saturation, average specific interfacial area, and average capillary pressure were determined for moving averaging windows (REVs) with dimensions 5 mm by 7 mm at any given time, and for each drainage, imbibition, and scanning experiment. At any given time during an event, the averaging window was moved along the pore network by 300 pixels, equal to 840 microns. This led to a large number of P c -S w -a wn data points, which allowed us to construct interfacial area surface (P c -S w -a wn surface) under transient conditions.
Interfacial area production term and interfacial conductivity
The macro-scale evolution of fluid-fluid interfacial area is given by equations (3) and (4). In this subsection, we explain how various terms in these equations are evaluated using image analysis;
leading to the determination of Next, the macro-scale velocity of interfaces was determined. To this end, first, the centroid of all interfaces within the averaging window at any given time was calculated. Then, the macro-scale interfacial velocity was calculated as the time rate of change of the centroid: 
where x i is the x-coordinate of the apex of the i-th interface. The two terms inside the bracket are the centroid of all interfaces within the averaging window at two consecutive time steps. Given the fact that the mass density of interfaces was assumed to be constant, these are also the center of mass of all interfaces within the averaging window. For approximation (12) to be valid, we had to take small time steps so that not many interfaces enter or leave the averaging window of interest during the time step. 
Results
P c -S-A wn surface
The results obtained by image processing were used to plot average capillary pressure-saturation curves as well as average capillary pressure-saturation-specific interfacial area surfaces, for the 20 two sets of transient experiments. These data were compared to results from static experiments, for the same pore network.
In figure 3 , data points for average capillary pressure and saturation obtained for the two series of dynamic experiments as well as static experiments are shown. number of 6x10 -5 . In Figure 3d , the three data sets are shown together. As it can be seen, with increase of capillary number, a larger range of saturation could be reached.
Considering the maximum and minimum values of capillary pressure obtained under different conditions, we observe that the hysteresis in capillary pressure-saturation data points is less pronounced at higher capillary numbers. This is in agreement with the findings of Joekar-Niasar and Hassanizadeh (2012), where a dynamic pore network model was used.
As explained in the Introduction, one of our aims was to determine whether interfacial area surfaces obtained under quasi-static conditions coincide with transient interfacial area surface. In Figure 4 , we plot the data points of saturation, average internal capillary pressure, and specific interfacial area (denoted as SIA in Figure 4 ) from transient imbibition and drainage experiments with a maximum capillary number of 2x10 -5 (note that the boundary pressure is fixed, which results in a variable flow rate). The resulting interfacial area surface looks rough because the data points are simply linearly connected. A similar surface was obtained for the set of experiments with a maximum capillary number of 6x10 -5 , as well as for quasi-static experiments.
We performed a comparison of the three surfaces in the following manner. green corresponds to a low ratio and red to a high ratio. As it can be seen in Figure 5 , the range of data points for transient experiments is not similar. The reason is that we could not collect many data points for high saturations during high capillary number experiments, because the process was too fast to control; so, the data points for high capillary number cases are accumulated in a narrower range of saturation (0.5-0.7). Under primary drainage conditions, the specific interfacial area values in both transient cases are smaller than the quasi-static value at the same capillary pressure and saturation. But, with decrease of saturation, and within the main loop of capillary pressure-saturation curves, the specific interfacial area under transient conditions is equal to, or higher, than under quasi-static conditions. Under imbibition conditions, the non-wetting phase would get disconnected. For the same saturation, with increasing capillary number, the non-wetting phase would form an increasingly larger number of disconnected blobs. For a larger number of blobs, specific interfacial area will be larger, deviating significantly from the quasi-static case.
One would expect the average capillary pressure under primary drainage to be at least equal to, if not higher than, the average entry capillary pressure of the pores and throats of the pore network.
Instead, the average capillary pressure measured for primary drainage under transient conditions was lower than the one under quasi-static conditions. The reason is that under quasi-static conditions, all interfaces are at rest with the maximum possible curvature dictated by the boundary pressures. However, under transient conditions, all the interfaces do not have the same curvature at a given time. As soon as the curvature of an interface is large enough to fill new pores, the interfaces behind it get relaxed and this causes decrease of curvature at the interfaces.
Thus, in average, a pressure lower than the entry capillary pressure is possible during primary drainage.
By identifying the moving interfaces for which the wetting phase was directly connected to its reservoir, we found that the average capillary pressure of these interfaces was close to the externally applied one (figure not shown here). But the average capillary pressure obtained for all other interfaces was lower.
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During main imbibition, the interfaces that are located at the invading front can relax and their capillary pressure drops, while the interfaces which are located away from the front do not yet react to this change, since the high viscous forces will not allow for spontaneous relaxation, and these maintain their capillary pressure. Eventually, parts of the non-wetting phase become disconnected, and form interfaces which are under high capillary pressure. This leads to an average capillary pressure under main imbibition which is higher than the one under static conditions.
During drainage scanning steps after main imbibition, the disconnected non-wetting phase reconnects quite fast. As soon as the non-wetting phase reconnects, the wetting phase saturation decreases, but the average capillary pressure does not increase drastically. Because of reconnection, the non-wetting phase propagates into the pore network as it grows in volume. So, the non-wetting phase is present and connected in the pores and throats without having to overcome the entry pressures. In a short time, it reaches the wetting phase reservoir, and then there is no reason for further increase of the average capillary pressure, since there is a connected path from the non-wetting reservoir to the outlet of the micro-model.
Production term and interfacial velocity
As explained earlier, the application of the moving averaging window (see subsection 3.2) to the acquired images led to the calculation of S w , a wn , and w wn as a function of time and space. This allowed us to calculate the right side of equation (3), namely the net rate of production of interfacial area, E wn , as well as the material coefficients in equation (4) 
where the values for the fitting parameters a, b, c, are given in 
where the fitting coefficients e, f, g are given in Table 2 . One has to keep in mind that the empirically-fitted equations (15) and (16) Table 2 : The fitting parameters for production term, along with R 2 , are given for the experiment with a maximum capillary number of 2x10 -5 .
The experimental results obtained for interfacial velocity and interfacial production term are qualitatively in accordance with the findings of Joekar-Niasar and . In their work, they also found that the production term and interfacial velocity have a linear dependency on the rate of change of saturation, and they show a parabolic dependency on saturation.
Finally, the material coefficients 
Conclusions a b
This is the first experimental work enabling us to study the role of interfacial area as a separate state variable in two-phase flow under transient flow conditions. Also, new variables such as interfacial velocity, material coefficients, and interfacial production rate are determined. By using an elongated PDMS micro-model, the hypothesis that capillary pressure-saturation-specific interfacial area data points should form a unique surface for drainage and imbibition under quasistatic and transient flow conditions has been investigated. In our analyses, the macro-scale capillary pressure has been defined based on averages of the capillary pressure of individual menisci, which is calculated from the curvature of the interfaces. Observations show that with the increase of capillary number, the difference between drainage and imbibition curves (i.e., capillary hysteresis) decreases significantly. Note that this effect is different from the behavior of P n -P w under transient conditions.
For a given capillary number, it seems that a unique P c -S w -a wn surface can be fitted to drainage and imbibition data points. However, there is a significant difference between transient and quasi-static surfaces. This means that one interfacial area surface cannot sufficiently describe two-phase flow under transient and quasi-static conditions. There is a number of possible causes for this mismatch that require further analysis. In the original theory developed by Hassanizadeh and Gray (1990) , it was assumed that the phases are always continuous. While, in our micromodel experiments, disconnection of the non-wetting phase is a dominant process. Furthermore, in general, the interfacial areas between the solid and the two fluid phases should be also included in the capillarity theory. Those are not considered here. Also, our results are dominated by the limitations of our two-dimensional micro-model and the topology of its pore network.
Similar studies need to be performed for porous media of a more general nature.
